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System and Method for Contamination Monitoring

CROSS REFERENCE PARAGRAPH

[0001] This application claims the benefit of U.S. Provisional Application No. 62/746,600,
entitled "SYSTEM AND METHOD FOR CONTAMINATION MONITORING," filed October 17,

2018, the disclosure of which is hereby incorporated herein by reference.

BACKGROUND

[0002] This disclosure relates to determining and monitoring fluid contamination level and

efficiency in downhole fluid analysis applications.

[0003] This section is intended to introduce the reader to various aspects of art that may be related
to various aspects of the present techniques, which are described and/or claimed below. This
discussion is believed to be helpful in providing the reader with background information to facilitate
a better understanding of the various aspects of the present disclosure. Accordingly, it should be

understood that these statements are to be read in this light, and not as an admission of any kind.

[0004] Reservoir fluid analysis may be used to better understand a hydrocarbon reservoir in a
geological formation. Indeed, reservoir fluid analysis may be used to measure and model fluid
properties within the reservoir to determine a quantity and/or quality of formation fluids — such as
liquid and/or gas hydrocarbons, condensates (e.g., gas condensates), formation water, drilling muds,
and so forth — that may provide much useful information about the reservoir. This may allow
operators to better assess the economic value of the reservoir, obtain reservoir development plans,
and identify hydrocarbon production concerns for the reservoir. A downhole acquisition tool may
carry out reservoir fluid analysis by drawing in formation fluid and testing the formation fluid

downhole or collecting a sample of the formation fluid to bring to the surface. Although native

1



WO 2020/081825 PCT/US2019/056754

reservoir fluid (e.g., oil, gas, or water) from the hydrocarbon reservoir may be the fluid of interest for
reservoir fluid analysis, fluids other than the native reservoir fluid may contaminate the native
reservoir fluid. As such, the formation fluid obtained by the downhole acquisition tool may contain
extraneous materials other than pure native reservoir fluid. Drilling muds, for example, may be used
in drilling operations and may invade the formation and mix with the native reservoir fluid. The
formation fluid drawn from the wellbore thus may be a mixture of native reservoir fluid and drilling

mud filtrate.

SUMMARY

[0005] This summary is provided to introduce a selection of concepts that are further described
below in the detailed description. This summary is not intended to identify key or essential features
of the subject matter described herein, nor is it intended to be used as an aid in limiting the scope of
the subject matter described herein. Indeed, this disclosure may encompass a variety of aspects that

may not be set forth below.

[0006] In one example, a method includes receiving first fluid property data from a sample
flowline of a focused sampling system and receiving second fluid property data from a guard flowline
of the focused sampling system. The sample flowline and the guard flowline are each configured to
sample formation fluid from a hydrocarbon reservoir, the formation fluid includes native formation
fluid and a contaminant, and the first fluid property data includes an optical density of the native
formation fluid and the second fluid property data includes an optical density of the contaminant.
The method also includes combining optical density data from the sample flowline and the guard
flowline, determining a derivative of the combined optical density data over a respective pumped
volume of formation fluid through the sample flowline and the guard flowline, performing a linear
analysis based on the combined optical density data and the derivative of the combined optical

2
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density to determine an intercept, and estimating a contamination profile of the formation fluid based

on the intercept and the combined optical density data.

[0007] In another example, a focused sampling system includes a sample flowline that draws a
native formation fluid from a hydrocarbon reservoir, a guard flowline that draws a contaminant fluid
from the hydrocarbon reservoir, a sample sensor that generates first feedback indicative of a first
optical density of the native formation fluid, a guard sensor that generates second feedback indicative
of a second optical density of the contaminant fluid, and a controller communicatively coupled to the
sample sensor and the guard sensor. The controller receives the first feedback and the second
feedback, combines the first optical density of the native formation fluid and the second optical
density of the contaminant fluid to generate combined optical density data, determines a derivative
of the combined optical density data as a function of pumped volume of the native formation fluid
and the contaminant fluid, performs linear analysis on the combined optical density data and the
derivative of the combined optical density data to determine an intercept, and estimates a

contamination profile based on the intercept and the combined optical density data.

[0008] In another example, a method includes receiving first fluid property data from a sample
flowline of a focused sampling system and receiving second fluid property data from a guard flowline
of the focused sampling system. The first fluid property data includes a plurality of first data points
indicative of a first optical density of a native formation fluid as a function of pumped volume of the
native formation fluid through the sample flowline. The second property data includes a plurality of
second data points indicative of a second optical density of a contaminant fluid as a function of
pumped volume of the contaminant fluid through the guard line. The method further includes
combining the plurality of first data points and the plurality of second data points to generate
combined data, calculating a derivative of the combined data over the pumped volume of the native

formation fluid through the sample line, the pumped volume of the contaminant through the guard
3
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line, or both, performing linear analysis on the combined data and the derivative of the combined
data to determine an intercept, receiving a measured optical density of the contaminant fluid, and
estimating a contamination profile of the native formation fluid based on the intercept and the

measured optical density of the contaminant fluid.

[0009] Various refinements of the features noted above may be undertaken in relation to various
aspects of the present disclosure. Further features may also be incorporated in these various aspects
as well. These refinements and additional features may exist individually or in any combination. For
instance, various features discussed below in relation to one or more of the illustrated examples may
be incorporated into any of the above-described aspects of the present disclosure alone or in any
combination. The brief summary presented above is intended to familiarize the reader with certain
aspects and contexts of examples of the present disclosure without limitation to the claimed subject

matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Various aspects of this disclosure may be better understood upon reading the following

detailed description and upon reference to the drawings in which:

[0011] FIG. 1 is a schematic of a focused sampling system, in accordance with an example of the

present techniques;

[0012] FIG. 2 is a flow diagram of a method for a preprocessing step used to validate, filter, and

merge data, in accordance with an example of the present techniques;

[0013] FIG 3 illustrates example plots illustrating simulated evolution of sample and guard line
contamination versus the pumped volume using the focused OPD-7a packer (top-left), the focused

Quick-silver (QS) probe (top-right), the focused OPF-7a packer (bottom-left), and the focused
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Elliptical Quick-silver (E-QS) probe (bottom-right), in accordance with an example of the present

techniques;

[0014] FIG. 4 illustrates example plots illustrating simulated 20-channel optical spectrometer
data in the sample flowline (top) and guard flowline (bottom) using the OPF-7a focused sampling

contamination profiles in FIG. 3, in accordance with an example of the present techniques;

[0015] FIG. 5 illustrates example plots illustrating the OD channel data (at the wavelength
channel of 1070 nm) in the sample line with the latest contamination level reaching at about 10%
(top) and the derivative of OD with respect to pumped volume (i.e. dOD/dv) (bottom), in accordance

with an example of the present techniques;

[0016] FIG. 6 illustrates example plots illustrating the contamination versus computed v*dOD/dv
for the data shown in FIG. 4 (top) and the OD versus computed v*dOD/dv (bottom), in accordance

with an example of the present techniques;

[0017] FIG. 7 illustrates example plots illustrating the estimated contamination (e.g., dots) based
on the estimated end-point value (e.g., intercept C in FIG. 6) versus the true contamination in the
sample flowline (top) and a difference between the estimated end-point value and the true

contamination (bottom), in accordance with an example of the present techniques;

[0018] FIG. 8 illustrates example plots illustrating the OD channel data in the sample line with
the latest contamination level reaching at about 5 percent (top) and the derivative of OD with respect

to pumped volume (e.g., dOD/dv) (bottom), in accordance with an example of the present techniques;

[0019] FIG. 9illustrates example plots illustrating the contamination versus computed v*dOD/dv
for the data shown in FIG. 6 (top) and the OD versus computed v*dOD/dv (bottom), in accordance

with an example of the present techniques;
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[0020] FIG. 10 illustrates example plots illustrating the true contamination in the sample line
versus the estimated contamination (e.g., dots) which is obtained using the intercept C from FIG. 9
(top) and a difference between the estimated end-point value and the true contamination (bottom), in

accordance with an example of the present techniques;

[0021] FIG. 11 illustrates example plots of simulated 20-channel optical spectrometer data of the
sample flowline (top) and the guard flowline (bottom) using the Quick-silver (QS) focused sampling

contamination profiles of FIG. 3, in accordance with an example of the present techniques;

[0022] FIG. 12 illustrates example plots of the QS OD channel data (at the wavelength channel
of 1070 nm) in the sample flowline with the latest contamination level reaching approximately 10
percent (top) and the corresponding derivative of OD with respect to pumped volume (i.e. dOD/dv)

(bottom), in accordance with an example of the present techniques;

[0023] FIG. 13 illustrates example plots illustrating contamination versus computed v*dOD/dv
for the QS data (up to 10 percent contamination) shown in FIG. 4 (top) and the OD versus computed

v*dOD/dv (bottom); in accordance with an example of the present techniques;

[0024] FIG. 14 illustrates example plots illustrating the true contamination in the sample flowline
versus the estimated contamination (e.g., dots) which is obtained using the intercept C in FIG. 13
(top) and a difference between the estimated contamination and the true contamination (bottom), in

accordance with an example of the present techniques;

[0025] FIG. 15 illustrates example plots illustrating the QS OD channel with the latest
contamination level reaching approximately 5 percent (top) and the corresponding derivative of OD
with respect to pumped volume (e.g., dOD/dv) (bottom), in accordance with an example of the

present techniques;
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[0026] FIG. 16 illustrates example plots illustrating contamination versus computed v*dOD/dv
for the QS data (up to 5 percent contamination) shown in FIG. 4 (top) and the OD versus computed

v*dOD/dv (bottom), in accordance with an example of the present techniques;

[0027] FIG. 17 illustrates example plots illustrating the true contamination in the sample flowline
versus the estimated contamination (e.g., dots) which is obtained using the intercept C in FIG. 16
(top) and a difference between the estimated contamination and the true contamination (bottom), in

accordance with an example of the present techniques;

[0028] FIG. 18 illustrates example plots of the contamination versus computed v*dOD/dv (top)
and the OD versus computed v*dOD/dyv (bottom) for the OPF-7a probe, in accordance with an

example of the present techniques; and

[0029] FIG. 19 illustrates example plots of the contamination versus computed v*dOD/dv (top)
and the OD versus computed v*dOD/dv (bottom) for the QS probe, in accordance with an example

of the present techniques;

[0030] FIG. 20 illustrates example plots illustrating two selected raw channel data in real time
and corresponding smooth data at decimated points (first plot) as a function of pumped volume (L)
for the QS shown in FIG. 11, estimated contamination profiles obtained using the most recent end
point estimates as a function of the pumped volume (second plot), historical end point estimates based
on available data as a function of the pumped volume (third plot), and historical end point estimates
of o as a function of the pumped volume (fourth plot) where the turn-around is indicated by the

estimated value of a, in accordance with an example of the present techniques;

[0031] FIG. 21 is a flow diagram of a method for monitoring contamination when using focused

sampling systems, in accordance with an example of the present techniques;
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[0032] FIG. 22 is an example plot of the dynamic behavior of fluid contamination in the sample
and guard flowlines of the QS probe as a function of pumped volume (L), in accordance with an

example of the present techniques;

[0033] FIG. 23 illustrates example plots of the rates of change (i.e. %(v) and j%/(v)) in the sample
and guard flowlines of FIG. 22 (top) and the ratio (i.e. 7{v)) of two rates of change (bottom), in

accordance with an example of the present techniques;

[0034] FIG. 24 illustrates example plots of simulated 20-channel spectrometer data as a function
of pumped volume (L) in the sample flowline (top) and guard flowline (bottom) using the

contamination profiles in FIG. 22, in accordance with an example of the present techniques;

[0035] FIG. 25 is an example plot of filtered, validated, and merged optical density data
(corresponding to the wavelength of 1070 nm) at the sample flowline and the guard flowline, in

accordance with an example of the present techniques;

[0036] FIG. 26 illustrates example plots of OD derivatives in the sample and guard flowlines
(top) and the ratio of two OD derivatives (bottom) based on the optical density data in FIG. 25, in

accordance with an example of the present techniques;

[0037] FIG. 27 is an example plot of the common wavelength channel of 1070 nm in AFA and

IFAX from a GOM example, in accordance with an example of the present techniques;

[0038] FIG. 28 illustrates example plots of computed OD derivatives in the sample and guard
flowline (top) and the computed ratio of two OD derivatives (bottom) based on the OD data in FIG.

27, in accordance with an example of the present techniques;
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[0039] FIG. 29 is an example plot of dynamic behavior of fluid contamination in the sample and
guard flowlines of a focused single packer (SP) probe versus the pumped volume (L), in accordance

with an example of the present techniques;

[0040] FIG. 30 illustrates example plots of the rates of contamination change (i.e. j5(v) and (V)
in the sample and guard flowlines of FIG. 29 (top) and the ratio (i.e. 7(v)) of two rates (bottom), in

accordance with an example of the present techniques;

[0041] FIG. 31 is a diagram of usage of the indicator 7(v) for the closed-loop control of improved

efficiency of focused sampling operation, in accordance with an example of the present techniques;

[0042] FIG. 32 illustrates example plots of 7(v) versus the pumped time (top) and 7(v) versus the
contamination level in the sample flowline (bottom) for different absolute permeability, in

accordance with an example of the present techniques;

[0043] FIG. 33 illustrates example plots of 7(v) versus the pumped time (top) and 7(v) versus the
contamination level in the sample flowline (bottom) for different anisotropies, in accordance with an

example of the present techniques;

[0044] FIG. 34 illustrates example plots of 7(v) versus the pumped time (top) and 7(v) versus the
contamination level in the sample flowline (bottom) for different formation fluid to filtrate

viscosities, in accordance with an example of the present techniques;

[0045] FIG. 35 illustrates example plots of 7(v) versus the pumped time (top) and 7(v) versus the
contamination level in the sample flowline (bottom) for different depths of invasion, in accordance

with an example of the present techniques; and
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[0046] FIG. 36 is a plot of computed 7(v) versus the estimated contamination in the sample
flowline for the GOM focused sampling data shown in FIGS. 27 and 28, in accordance with an

example of the present techniques.

DETAILED DESCRIPTION

[0047] One or more specific example of the present disclosure will be described below. These
described embodiments are examples of the presently disclosed techniques. Additionally, in an effort
to provide a concise description of these example, features of an actual implementation may not be
described in the specification. It should be appreciated that in the development of any such actual
implementation, as in any engineering or design project, numerous implementation-specific
decisions may be made to achieve the developers’ specific goals, such as compliance with system-
related and business-related constraints, which may vary from one implementation to another.
Moreover, it should be appreciated that such a development effort might be complex and time
consuming, but would still be a routine undertaking of design, fabrication, and manufacture for those

of ordinary skill having the benefit of this disclosure.

[0048] When introducing elements of various example of the present disclosure, the articles “a,”

(13 29

an,” and “the” are intended to mean that there are one or more of the elements. The terms

“comprising,” “including,” and “having” are intended to be inclusive and mean that there may be
additional elements other than the listed elements. Additionally, it should be understood that

references to “one example” or “an example” of the present disclosure are not intended to be

interpreted as excluding the existence of additional example that also incorporate the recited features.

[0049] Contamination of formation fluid in a hydrocarbon reservoir may be caused by a filtrate
of drilling mud that invades the formation surrounding a borehole within the hydrocarbon reservoir

during and after drilling. Consequently, during downhole fluid analysis, a fluid sample taken by a
10
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downhole formation tester tool includes a mixture of the drilling mud (e.g., mud filtrate) and native
fluid. Contamination of the native fluid may reduce a quality of the fluid sample, which decreases
the accuracy of pressure/volume/temperature (PVT) analysis. In contamination monitoring,
formation fluid pumped from the formation through a flow line is continuously analyzed using
downhole fluid analysis until a desirable contamination level is reached. Once the desired
contamination level is reached, the downhole formation tester tool extracts and captures the fluid
sample. Recent advances in certain sampling techniques, such as focused sampling, have improved
downhole fluid sampling by enabling a downhole formation tester to obtain uncontaminated (e.g.,

clean) fluid samples in a shorter amount of time compared to conventional techniques.

[0050] The present disclosure relates to systems and methods for estimating contamination level
and determining efficiency of focused sampling tools used in downhole fluid analysis. It is now
recognized that an asymptotic behavior of contamination profiles evolve into a power law trend with
a fixed, but unknown, exponent if operation conditions do not undergo an abrupt change. An
asymptotic trend and the contamination level may be determined and validated based on Eclipse
simulation data of various focused and non-focused sampling tools. Real-time monitoring features

may facilitate the effectiveness for quality control of results.

[0051] Additionally, the dynamic response of contaminated fluid flowing through flowlines of
the sampling tool may provide information as to the efficiency of the sampling operations. As
discussed in further detail below, integration of downhole fluid analysis data acquired in sample and
guard flowlines of the sampling tool during pumping operations may be used to determine the
efficiency of the sampling operations. Integration may include matching responses in both sample
and guard flowlines, making this technique suitable for downhole formation testers having a dual-
flowline spectrometer. Moreover, the disclosed system and methods may allow monitoring and

controlling the efficiency of focused sampling operations while also adjusting a flow rate ratio
11
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between a sample pump and a guard pump. By knowing the efficiency of the sampling operations,
contamination level in the sample flowline may be estimated with improved accuracy, thereby
mitigating pitfalls associated with fitting power law models for extrapolation to obtain end point

values of the native fluid and the mud filtrate.

[0052] FIG. 11is a schematic of a focused sampling tool 10 in accordance with an example of the
present disclosure. In the illustrated example, the focused sampling tool 10 includes two separate
pumps (e.g., a first pump 12 and a second pump 14) to control fluid flow from a formation in a
hydrocarbon reservoir 16 of interest through a central area 18 and a perimeter area 20 of a sampling
zone 22. Fluid pumped through the central area 18 flows into a sample flowline 24, and fluid pumped
through the perimeter area 20 flows into a guard flowline 26. Fluid cleanup process is monitored
during the sampling operation using optical spectrometers on both the sample flowline (e.g., a sample
optical spectrometer 28) and the guard flowline (e.g., a guard optical spectrometer 30). Optical
measurements obtained from the optical spectrometers 28, 30 may allow an operator of the focused
sampling tool 10 to control operation of the focused sampling tool 10. For example, the operator may
adjust pump flow rates and filling of sample bottles 32 of the focused sampling tool when a desirable
contamination level has been reached. In certain examples, the focused sampling tool 10 may include
a 3D radial probe 34, which improves the operating envelope of fluid sampling by using multiple
fluid drains spaced circumferentially around the focused sampling tool 10. Accordingly, the focused

sampling tool 10 may sample fluid in low mobility formations and sustain a high pressure differential.

[0053] In some examples, the focused sampling tool 10 includes a controller 36 that is
communicatively coupled to the sample optical spectrometer 28, the guard optical spectrometer 30,
and/or a valve 38 that is disposed along the sample flowline 24. The controller 36 receives feedback
from the sample optical spectrometer 28 and/or the guard optical spectrometer 30 to perform the

calculations of the presently disclosed method for estimating contamination of the formation fluid.
12
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The controller 36 may then utilize the estimate of the contamination of the formation fluid to adjust
the valve 38. For example, the valve 38 may be adjusted between an open position that enables
formation fluid from the sample flowline 24 to enter and/or fill the sample bottle 32 and a closed
position that blocks formation fluid from the sample flowline 24 from entering the sample bottle 32.
As such, the controller 36 may determine the estimate of the contamination of the formation fluid
and adjust the valve 38 from the closed position to the open position when the estimate of the

contamination of the formation fluid falls below a threshold value that is suitable for sampling.

[0054] Data from multiple sensors used to monitor the sampled fluid in the sample flowline
follow linear mixing laws. For example, optical data follows the Beer-Lambert law. Similarly,
measured density (p) is linearly related to a density of the native formation fluid (e.g.,
uncontaminated formation fluid) and a density of the mud filtrate (e.g., contaminate, drilling mud)
by the same mixing law. Other measured fluid properties such as conductivity in water sampling
follows a similar linear mixing law with the contamination as the weighting factor. Based on the
linear mixing law, the cross-plot of any two data channels would exhibit a linear relationship and,
therefore, this characteristic can be used to select valid data (e.g., data satisfying the linear mixing
law) prior to subsequent processing. For example, an in-situ fluid analyzer (“IFA”) example of a
preprocessing step includes the following steps: 1.) automatic determination of valid data; 2.) filter
and exclude noisy data (e.g., scatterings, spiky noise caused by sample bottle opening, etc.); and 3.)
extrapolate filtered data to determine end point properties of the native formation fluid and the mud
filtrate. This preprocessing step may be carried out using any suitable algorithm such as the RANSAC
algorithm, which is capable of automatically detecting valid data that follows a linear trend. By way
of non-limiting example, an example of a workflow 50 of the preprocessing step that includes
validating, filtering, and combining measured data is illustrated in FIG. 2. In the illustrated example,

measured optical density (OD) data from the sample flowline 52 and measured OD data from the

13
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guard flowline 54 are combined into a single reference channel 56 using a median stack. Otherwise,

the validated data and filtered multi-channel data are available for subsequent processing.

[0055] For instance, channels for filtering/merging 58 the measured OD data from the sample
flowline 52 and the measured OD data from the guard flowline 54 are chosen. Subsequently, the
measured OD data from the sample flowline 52 and the measured OD data from the guard flowline
54 are combined at each of the selected channels for filtering/merging 58 the data, as shown at block
60. Atblock 62, the RANSAC algorithm is utilized to perform linear analysis between the reference
channel 56 and one of the selected channels for filtering/merging 58 the data. The RANSAC
algorithm is performed iteratively for each of the selected channels for filtering/merging 58 the data,
as shown at blocks 64 and 66. Once linear analysis has been performed for each of the selected
channels for filtering/merging 58 the data, filtered and/or validated channel data from the sample
flowline 24 and the guard flowline 26 is obtained from indexes determined from the RANSAC
algorithm, as shown at block 68. A determination of whether to merge the filtered and/or validated
data is made based on the data from the sample flowline 24 and the data the guard flowline 26 having
similar responses, trends, and/or patterns, as shown at block 70. If the data is to be merged, the data
from each of the selected channels for filtering/merging 58 the data is normalized with respect to the
reference channel, as shown at block 72. At block 74, the normalized data from each of the channels
for filtering/merging 58 the data is combined in a median stack. If it is determined that the data is
not to be merged and/or after combining the normalized data at block 74, the process ends, as shown

at block 76.

[0056] Eclipse model simulations for focused sampling probes may be used to simulate certain
aspects of a hydrocarbon reservoir. Information obtained from the simulations may suggest that the
evolution of contamination profiles (versus pumped volume) for the focused sampling probe 10

asymptotically approaches a power law trend with a fixed, but unknown, exponent if the operation
14
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condition (e.g., flow rate or drawdown pressure) does not change abruptly. The trend may be
established when the level of contamination in the flowline 24, 26 approaches a low value. FIG. 3
illustrates various plots that simulate evolution of sample flowline 24 and guard flowline 26
contamination as a function of the pumped volume using various focused sampling tools. For
example, plot 90 of FIG. 3 illustrates the evolution of the sample flowline 24 and the guard flowline
26 contamination as a function of the pumped volume for a focused OPF packer. Sample and guard
profiles are plotted in a log-log scale and therefore, a straight line approximation (e.g. dash lines) on
the plot 90 indicates a power law model with a fixed exponent. Note that the evolution of
contamination profiles in the sample flowline 24 and the guard flowline 26 does not initially follow
a power law with a fixed exponent. However, the contamination in the sample flowline 24 quickly
develops into a fixed-exponent power law trend when the contamination level drops to approximately
10-15 percent. In comparison, the contamination level in the guard flowline 26 appears to take a
longer time compared to the sample flowline 24 to develop into a fixed-exponent power law trend.
Other focused sampling tools also appear to have a similar observation, as shown in plot 92 of FIG.
3 corresponding to a focused Quick-silver (QS) probe, plot 94 corresponding to a focused OPF-7a
packer, and plot 96 corresponding to a focused Elliptical Quick-silver (E-QS) probe. The dashed line

in each plot is representative of a linear trend approximation to the sample contamination profile.

[0057] From the simulation shown in FIG. 3, drawbacks of the simulations may be apparent. For
example, in the aforementioned approach, a user selects the fitting interval and fits the data (e.g. OD
data) in the selected interval with a fixed-exponent power law model. However, the selection of the
interval by the user may be subjective. Moreover, the data in the selected interval may not be
prescribed by a fixed-exponent power law model, as shown in the simulations in FIG. 3.
Consequently, depending on a selection window, the data-fitting and extrapolation scheme in the

preprocessing may lead to variations in end point estimation. As such, the contamination level
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estimated based on the simulations may be inaccurate.

[0058] While the fixed-exponent trend is developed in the sample flowline 24, the exponent itself
is still an unknown variable. Therefore, the value of the fixed exponent is estimated. Additionally,
based on the plots illustrated in FIG. 3, a region of linear trend is also unknown. In some cases, the
trend begins between approximately 10-15 percent contamination in the sample flowline 24 (e.g., as
shown in the plot 90 and the plot 94 of FIG. 3). However, in other cases, the trend begins between
approximately 30-40 percent contamination (e.g., the plot 92 and the plot 96 of FIG. 3). As described
in further detail below, the system and method disclosed herein may be used to determine estimation
of contamination end point values even though the value of an exponent and the region of the linear

trend are unknown.

[0059] As discussed above, the exponent of power-law for evolving contamination is unknown
in focused sampling and can vary with different probes and formation and operating conditions.
However, the exponent may develop into a trend of fixed-exponent power law model asymptotically
in the sample flowline 24. Therefore, sample-line data, which closely follow a fixed-exponent power

law model, can be represented as

OD=C Dv“ EQ. 1

where C and D are unknown constants, v is pumped volume, and « is the unknown fixed exponent.

Some manipulation of EQ. 1 may simplify EQ. 1. For example, taking a derivative of OD with respect

to v, results in the following relationship:

4ob _ —a-1
o = aDv EQ. 2
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Substituting EQ. 2 into EQ. 1, yields the following relationship:

1doD
a dv

0D =C EQ.3

[0060] Notably, EQ.3 does not depend on the unknown parameter D as is in EQ. 1 and 2.
Furthermore, the relationship of OD versus dOD/dv * v is linear from which a linear fitting may be
performed to obtain the unknown parameter C (e.g., native formation fluid end point) and a (e.g.,

exponent). For contamination estimation, we are interested in the end point value which is C, i.e. the

intersect of OD versus dOD/dv * v,

[0061] The disclosed method includes calculating the OD derivative with respect to the pumped
volume, v. A numerical differentiation is known to be unstable and sensitive to noise. In the disclosed
examples, the OD-vs-volume data that is locally around vy is estimated using the following second-

order polynomial model:

ODW) =a+blv v)+c(v )% v TWSvSv0+U—W EQ. 4

where OD(v) is the OD-vs-volume response, vo and v, are the center and size of a local volume
window. Specifically, the local volume window slides through the OD-vs-volume data and at each
location (specified by vo) the data within the local volume window are fitted with the model expressed
in EQ. 4. Once the fitting is complete, “a” represents the filtered/smoothed data at vo whereas “5”

and “c” are related to the first and second derivative of the optical signal response at vy, respectively,

as expressed below in EQ. 5-7.
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OD(vy) = a EQ.5
doD

_— =b EQ. 6
dv =1, Q
d?0oD —9 EO. 7
dv? V=0, = 4C Q

[0062] The method disclosed herein may use the relationship of OD data versus dOD/dv * v data,
where the OD data are the filtered/smoothed data (i.e., a) and dOD/dv is the first order derivative
data (i.e., b) to derive a model that may be used to estimate a contamination level of the formation

fluid when using downhole fluid analysis.

[0063] In certain examples, the fitting may use the weighted least-squares (WLS) criterion

expressed in EQ. 8 below.

Ming e Ty WS W(@)(M(v)  0D(1))> EQ. 8

where M(v) is the measured optical signal versus volume data and W(v) is the weighting factor for
the squared residuals. Introducing weighting factors in EQ. 8 is important because it allows noisy
data or data with unexpected fluctuations to be down-weighted, while estimating the unknown
parameters a, b and c. In certain examples, the weighting can be set to zero to completely disregard

data that is unsuitable (e.g., noisy).

[0064] Furthermore, since the least-squares criterion is not effective in removing the spiky noise

or outliers in the data, a robust scheme based on the least-absolute error criterion (e.g., Li-norm)
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expressed in EQ. 9 may be used.

Ming e To s W) M) 0D ()] EQ. 9

[0065] Fitting the data with the Li-norm in EQ. 9 may be accomplished (e.g., solving the
parameters a, b and c¢) using an iterative re-weighted least-squares (IRWLS) algorithm. The weighted
factor W(v) in EQ. 9 may be effectively combined with the weighting factors computed in the IRWLS

iteration, and therefore, may not introduce extra computational burden.

[0066] Following fitting of the data, end points for the native formation fluid may be estimated
based on EQ. 3 by the intercept (e.g., C) of a linear approximation to the OD versus dOD/dv * v data,
provided the data have reached the region with a fixed exponent. The ECLIPSE simulation results
may provide an indication that the trend occurs in the sample flowline 24 when the contamination
level drops to below 10-15 percent. The linear model may be fit to recently available OD versus
dOD/dv * v data without knowing whether the contamination level falls into the region of a fixed
exponent. This fitting may be done using a weighted least-squares (WLS) algorithm, as described
above. The weighed least-squares process may assign higher weights to the most recent data points
in the WLS fitting. When the contamination level is high, the estimated intercept may likely be in
error. Accordingly, as a result, the estimated contamination level is inaccurate. However, with further
pumping, the contamination may be reduced, and the accuracy of the estimated intercept may reach
a value close to the true end point, and consequently, the difference between the estimated and true
contamination may be small (e.g. <1 percent). Based on the simulation results, this may occur when
the flowline contamination is in the range of 5-10 percent. In other words, with a target contamination
level of 5 percent or less to sample, the estimated contamination based on the proposed technique

may potentially be quite close to the true contamination.
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Examples

[0067] The disclosed method and system may use the ECLIPSE simulation results, as discussed
in detail below. For example, the first example disclosed herein uses results from a focused sampling
system, OPF-7a (plot 94 shown in FIG. 3), with the following fluid and formation parameters:
horizontal permeability (kh) = 10 millidarcy (md); vertical permeability (kv)/kh =1; oil based mud
(OBM) viscosity = 1 centipoise (cp), density = 0.855 gram/cubic centimeter (g/cc); formation oil =
1 cp, density = 0.855 g/cc; Invasion depth = 4 inches (in.); formation porosity = 0.2, wellbore
diameter=8.5 in. Accordingly, the 20-channel optical spectrometer data in the sample flowline 24
and the guard flowline 26 obtained using the OPF-7a focused sampling contamination profiles may
be generated using the OPF-7a focused sampling contamination profiles shown in FIG. 3, as shown
in FIG. 4. As illustrated in FIG. 4, the simulated 20-channel optical spectrometer data in the sample
flowline 24 is shown in plot 100 and plot 102 illustrates the simulated 20-channel optical
spectrometer data in the guard flowline 26. The simulated data may be generated using the linear
mixing rule (e.g., Beer-Lambert Law) using a crude oil and OBM filtrate spectra generated in a

laboratory as the end-point values. In one example, noise may be added to the simulated data.

[0068] FIGS. 5-7 illustrate step-by-step results of an example of the disclosed method that uses
the OD data up to 10 percent contamination. For example, in FIG. 5, plot 110 illustrates OD channel
data (at a wavelength channel of 1070 nm) in the sample flowline 24 with the latest contamination
level reaching about 10 percent. The data points on the data curve (e.g., solid line) is calculated
filtered/smoothed data at decimated locations using the algorithm disclosed herein. Plot 112 is the
corresponding derivative of OD with respect to pumped volume (i.e. JOD/dv). With respect to FIG.
6, plot 120 illustrates contamination versus computed v*dOD/dy for the data shown in FIG. 4. The
arrows illustrated in the plot 120 indicate increasing pumped volume. As illustrated, at the end (e.g.,

a point indicating a maximum amount of pumped volume), the data reaches the contamination level
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of 10 percent. Plot 122 illustrates the OD versus computed v*dOD/dv. The data points shown in the
plot 122 are used to fit a straight line approximation based on the weighted least-squares criterion,
which makes the line closely follow the most recent data points. In this example, the intercept (e.g.,
the estimated end point) of the straight line is still somewhat off the true end-point value (e.g.,
represented by the “X”’) because the fixed exponent trend has not been fully developed yet. Plot 130
illustrated in FIG. 7 shows the estimated contamination (e.g., data points) based on the estimated
end-point value (e.g., intercept C in FIG. 6) versus the true contamination in the sample flowline 24.
The difference between the estimated end-point value and the true contamination is clearly shown,
and reaches approximately 6 percent, as shown in plot 132. This may be caused by the inaccurate
end point estimate. However, with further pumping, improvement may be seen when the

contamination level becomes lower in the sample flowline 24.

[0069] For comparison, FIGS. 8-10 illustrate a similar step-by-step result using data up to 5
percent contamination. In this particular example, improvement in the accuracy of the contamination
estimate with low contamination data in the sample flowline 24, which asymptotically approaches a
power law trend with a fixed exponent, is seen. Specifically, for the latter case (e.g., data up to 5
percent contamination), the difference between the estimate and true contamination is less than 1
percent. As shown in plot 140 illustrated in FIG. 8, with increased pumping (e.g., pumped volume),
the OD channel data in the sample flowline 24 with the latest contamination level reaches about 5
percent. The data points may be calculated filtered/smoothed at the decimated locations up to the 5
percent contamination level. Shown on plot 142 is the corresponding derivative of OD with respect
to pumped volume (i.e. dOD/dv). The data shown in FIG. 9 is similar to that shown in FIG. 6 except
that more data points are becoming available because of continuous pumping to achieve the
contamination level of 5 percent. The data points shown in plot 150 of FIG. 9 are the linear

approximation to the recent data points based on the weighted least-squares criterion. In this
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particular example, the intercept (e.g., the estimated end point) of the straight line is substantially
close to the true end-point value, as shown in plot 152 of FIG. 9. Plot 160 of FIG. 10 shows the true
contamination (e.g., solid line) in the sample flowline versus the estimated contamination (e.g., dots)
that is obtained using the intercept C from FIG. 9. The difference between the true contamination
and the estimated contamination is small (i.e. less than 1 percent), as shown in plot 162. Accordingly,
as shown in FIG. 10, the accuracy of the contamination estimate determined using the disclosed
method with lower contamination data in the flowline, which approaches a power law trend with
fixed exponent, may be improved. Specifically, for the latter example, the difference between the

estimate and true contamination is less than approximately 1 percent.

[0070] Figures 11-17 show the similar comparison using the Quick-silver probe data shown in
FIG. 3. As shown in FIG. 11, the generated 20-channel optical spectrometer data is shown for the
sample flowline 24 in plot 170 and the guard flowline 26 in plot 172. The simulated 20-channel
optical spectrometer data is similar to that data shown in FIG. 4, except the simulated 20-channel
optical spectrometer data in FIG. 11 was generated using the Quick-silver (QS) focused sampling
contamination profilesin FIG. 3 (e.g., plot 92) instead of the OPF-7a focused sampling contamination
profile. FIGS. 12-14 show the step-by-step results of the disclosed method using the data up to 10
percent contamination whereas FIGS. 15-17 show the step-by-step results using the data up to 5
percent contamination. The results suggest that the method disclosed herein performs better for the
QS than for the OPF-7a probe. This is not surprising because, based on the simulation results in FIG.
3, the QS probe is faster to develop a power law trend with a fixed exponent when the contamination

level drops to below approximately 30-40 percent when compared to other focus sampling probes.

[0071] Plot 180 of FIG. 12 shows the Quick-silver OD channel data (at the wavelength channel
of 1070 nanometers (nm)) in the sample flowline 24 with the latest contamination level reaching

approximately 10 percent. The estimated data (e.g., dots) overlaid on the measured data (curved) is
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the calculated filtered/smoothed data at the decimated locations using the disclosed system and
methods. Plot 182 illustrated in FIG. 12 is the corresponding derivative of OD with respect to pumped
volume (i.e. dOD/dv). As shown in FIG. 12, the data is similar to that in FIGS. 6 and 9 using the QS
data. As shown in FIG. 13, plot 190 illustrates contamination versus computed v*dOD/dv for the
data shown in FIG. 12. Plot 192 of FIG. 13 shows that the intercept of linear approximation (i.e.
dash line) is relatively close to the true end point. This may not be unexpected based on the simulation
results in FIG. 3. As discussed above, the QS probe may be faster to develop a power law trend with
a fixed exponent when the contamination level drops to below 30-40 percent compared to other focus
sampling probes. Therefore, most recent QS data points are already in the fixed exponent region in

this case.

[0072] Plot 200 of FIG. 14 shows the true contamination in the sample flowline 24 versus the
estimated contamination (e.g., dots) which is obtained using the intercept C in Figure 13. The
difference between the two is about 0.7%, as shown in plot 202 of FIG. 14. With further pumping,
the contamination level reaches approximately 5 percent, as shown in plot 210 of FIG. 15. The dots
overlaid on the data are the calculated filtered/smoothed data at the decimated locations whereas the
data points on plot 212 correspond to a derivative of OD with respect to pumped volume (e.g.,.
dOD/dv). FIG. 16 illustrates plots similar to those in FIG. 13. The plots illustrated in FIG. 16 use the
QS data (up to 5 percent contamination) from FIG. 15. For instance, plot 220 illustrates contamination
versus computed v*dOD/dv for the data shown in FIG. 15. Plot 222 of FIG. 16 shows that the
intercept of linear approximation (e.g., dashed line) is the true end point. Plot 230 illustrated in FIG.
17 shows the true contamination in the sample flowline 24 versus the estimated contamination (e.g.,
dots) which may be obtained using the intercept C' from FIG. 16. In this case, with the QS data (5
percent contamination), there is nearly no difference between the estimated contamination and the

true contamination, as shown in plot 232.
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[0073] Table 1 is a summary of results and shows a comparison of the difference between the
estimate and true contamination for OFP-7a and QS probes. Based on the data, it is clear that the
lower the contamination target intended to be reached and quantified, the accuracy of the
contamination level is improved using the system and method disclosed herein. As should be noted,

the performance also depends on the focused sampling systems used.

Table 1: Comparison of difference between estimate and true contamination for OFP-7a and

QS
Estimate — True contamination
OFP-7a QS
Data reaching 10 % contamination 6.8% 0.74%
Data reaching 5 % contamination 0.9% ~ 0%
Data reaching 3 % contamination 0.2% ~ 0%

[0074] More cases with different fluid and formation parameters for OPF-7a and QS are also
studied using the proposed method. Specifically, the results shown in Table 1 are based on the
following set of parameters: kh = 10 md, kv/kh =1, OBM viscosity = 1 ¢p, density = 0.855 g/cc,
Formation oil = 1¢p, density = 0.855 g/cc, Invasion depth = 4 in., Formation porosity = 0.2, wellbore
diameter= 8.5 in. Other examples include changing one parameter, while keeping the remaining
parameters the same. For example, in one example, kh may change from 10 md to 1 md. In another
example, Invasion depth may change from 4 in. to 8 in. In other examples, the viscosity ratio (e.g.,

formation/filtrate) may be 10. In further examples, kv/kh may change from 1 to 10 or 0.1.

[0075] FIG. 18 illustrates the contamination versus computed v*dOD/dv in plot 240 and the OD
versus computed v*dOD/dv in plot 242 for examples using the OPF-7a probe. In this example, the
OD data up to 5 percent contamination is used. The arrows next to the trajectories indicate the
evolution with increasing pumped volume. While the trajectory of each case is different from the

others, the trajectories present two distinct features. For example, each trajectory has the signature of
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turn-around which occurs in the range of between approximately 40 to 60 percent contamination.
While monitoring the contamination in real-time, the plot of OD versus computed v*dOD/dv data for
the signature of turn-around may be checked. If not found, it may be concluded that there is a high
contamination (e.g. greater than approximately 30 percent) in the flowline (e.g., the sample flowline
24). Conversely, the method disclosed herein may be utilized once the turn-around has occurred. The
other distinct feature observed is that every trajectory asymptotically converges to the true end point.
Specifically, fitting a straight line using the last few points of each trajectory, the intercept obtained
is very close to the true end point. Of course, this relies on the fixed exponent trend at low
contamination developed and available in data. It has been recognized that, based on this study, the

contamination estimates about 5 percent or less may be accurately determined as shown in Table 1.

[0076] FIG. 19 illustrates plots similar to those shown in FIG. 18 for the QS probe. For example,
the contamination versus computed v*dOD/dy is shown in plot 250 and the OD versus computed
v¥dOD/dv is shown in plot 252. As shown in the illustrated example, the two distinct features of turn-
around and asymptotic convergence to the true end point are also observed for the QS probe.
Similarly, fitting a straight line using the last few points of each trajectory, the obtained intercept is

very close to the true end point.

[0077] In terms of real-time monitoring, the estimated parameters (e.g., C and o) may be used
for quality control. For example, as shown in FIG. 20, the QS data of FIG. 11 with two selected OD
channels at 1070 nm and 1290 nm is used to demonstrate this capability. Plot 260 shows the data for
the two selected raw channels available in real time and the corresponding smoothed data at
decimated points. The smoothed data are obtained from the constant term (e.g., EQ. 5) by the
weighted least-squares fitting while computing the derivative term (e.g., EQ. 6). Plot 262 illustrates

the estimated contamination profiles obtained using the most recent end point estimates.
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Unsurprisingly, the estimated contamination from two different channels are nearly identical because
the accurate end point estimates were obtained for both of them. Plot 264 tracks the historical end
point estimates based on the available data at that time. Initially, the historical end point estimates
are negative (which is non-physical) and then turn positive, indicating the region of turn-around as
shown on the plot 264. This is corroborated by the historical estimates of o (shown in plot 266) where
the turn-around is indicated by the estimated value of o going from negative to positive. Notably, the
historical end point estimates asymptotically stabilize to fixed values, which is indicative of reaching
the fixed-exponent region. Again, this is corroborated in the plot 266, which also shows the
stabilization of estimated o at about 6.5 in this case. It should be recognized that the two channels
used in FIG. 20 have different end points and therefore are stabilized to the different fixed values
shown in the plot 264. Furthermore, the stabilization of estimated parameters (e.g., C and o) occur
at about the pumped volume of 1.1 liters in this case, implying somewhat trustworthy contamination

estimates from this point on.

[0078] In summary, along with the proposed workflow and algorithms, the following real-time
features are monitored: track the historical estimated parameters (e.g., estimated end point C and
exponent o) and monitor for the stabilization of these estimated parameters; and when multiple
channels are selected for processing, monitor the consistency of the contamination estimates and
estimated exponent (i.e., o) from multi-channel data. FIG. 21 is a summary the workflow of focused-
sampling contamination monitoring according to an example of the method disclosed herein. Input
data 270 is the validated/filtered multi-channel OD data. A channel is selected at block 272 and a
filtrate OD at the selected channel is determined at block 274. Further, at block 276, the filtered OD
and d(OD)dv are calculated at the selected channel. The intercept of the linear line approximation
for contamination is determined based on a plot of filtered OD versus d(OD)dv * v, as shown at block

278. The contamination may then be estimated based on the intercept (e.g., from block 278) and the
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filtrate OD (e.g., from block 274), as shown at block 280. The process may be repeated in an iterative
manner should other channels be utilized to estimate the contamination, as shown at block 282. At
block 284, the contamination profile can be estimated by combining the data from the different

channels. If so, a median stack is used to obtain a single contamination estimate at the end.

[0079] As discussed above, present examples also include systems and methods for determining
and monitoring the efficiency and contamination of focused sampling. For example, as discussed in
further detail below, the disclosed system and method determine the efficiency of focused sampling
by using the dynamic responses of contaminated fluid flow in the sample flowline 24 and the guard
flowline 26. The disclosed approach integrates downhole fluid analysis data acquired in the sample
flowline 24 and the guard flowline 26 during pumping operations. Furthermore, the integration may
include matching responses in both flowlines and, therefore, utilize a dual-flowline spectrometer,
such as FISO. The disclosed method may also allow monitoring and controlling the efficiency of
focused sampling operation, while adjusting the flow rate ratio between the sample pump 12 and the
guard pump 14. Finally, an indicator may be used to estimate the contamination level in the sample
flowline 24, which may mitigate any drawbacks of fitting power law models for extrapolation in
order to obtain the end points. Another benefit of this approach is that the uncertainty of a
contamination estimate may be substantively reduced if the desirable contamination level for

collecting sampled fluid is as low as a few percent.

[0080] Dynamic behavior of focused sampling operation is characterized by a rapid cleanup in
the sample flowline 24, while maintaining a moderately high contamination level in the guard
flowline 26. For example, FIG. 22 is a plot 290 that illustrates the dynamic behavior of fluid
contamination in the sample flowline 24 and the guard flowline 26 of the Quicksilver probe (QS)
versus pumped volume, v. The data shown in FIG. 22 was obtained from an ECLIPSE simulation

model with the following fluid and formation parameters kn = 10 md; ky/kyn = 1; OBM viscosity = 1
27



WO 2020/081825 PCT/US2019/056754

cp; density = 0.855 g/cc; Formation oil = 1cp; density = 0.855 g/cc; Invasion depth =4 in.; Formation

porosity = 0.2, wellbore diameter = 8.5 in.

[0081] Generally, the evolution of the sample and guard contamination profiles shown in FIG.
22 is expected in a focused sampling operation. Specifically, after the breakthrough of the native
formation fluid (at about 0.5 liters (L) of pumped volume in the illustrated example), the
contamination level in the sample flowline 24 quickly plunges with continuous pumped volume,
while the contamination level in the guard flowline 26 moderately decreases. After reaching a low
contamination level (e.g., less than 5 percent at about 1.5 L of pumped volume), the rate of
contamination change in the sample flowline 24 dramatically slows down while the rate of
contamination change in the guard flowline 26 remains about the same. However, the rate of
contamination change in the guard flowline 26 is larger than that in the sample flowline 24. Further
pumping (e.g., beyond 1.5 L of pumped volume), shows diminishing return in the sample flowline
24 because its rate of contamination change approaches zero and most of the pumping effort is

directed to the reduction of the contamination level in the guard flowline 26.

[0082] The symbols 75(v) and 7,(v) denote the contamination profile versus the pumping volume
(e.g., v) for the sample flowline 24 and the guard flowline 26, respectively. The rate of contamination
change in the sample and guard flowline (e.g., denoted (V) and %(v)) accord to the following

relationships of EQ. 10 and 11, respectively:

3115(v)

Vo) = === EQ. 10
Ing(v)

Ye(v) = —- EQ. 11
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The ratio of the two rates (e.g., denoted 7(v)) may be represented by EQ. 12:

_ ¥s(v)
) =" EQ. 12

Using the example above, an efficient focused sampling operation may be characterized by a large
ratio (e.g., 7(v) » 1) soon after the breakthrough of the native formation fluid. The ratio (e.g., 7))
may decrease with continuous pumping and eventually reach the break point (7(v) = 1), where the
rate of contamination change in the sample flowline 24 is the same as the rate of contamination
change in the guard flowline 26. At this point, the contamination level in the sample flowline 24
should be generally low (e.g., approximately 5 percent in the illustrated example). Further pumping
beyond the break point (7(v) < 1) may result in a much slower rate of reduction of contamination in

the sample flowline 24.

[0083] For example, FIG. 23 illustrates a plot 300 of the rates of contamination change (e.g., %(Vv)
and y(v)) in the sample and guard flowline of FIG. 22. Additionally, plot 302 of FIG. 23 illustrates
the ratio (e.g., 7(v)) of the two rates. As shown in the illustrated example of FIG. 23, soon after the
breakthrough (at approximately 0.5 L of pumped volume as shown in FIG. 22), the ratio is over 100,
which is indicative of an efficient focused sampling operation. The break point may be reached at
approximately 1.4 L of pumped volume and/or after additional pumping beyond 1.4 L of pumped
volume (e.g., pumping less than 1 L). The arrows 304 on the plots 300, 302 indicate the break point,
corresponding to about 5 percent contamination in the sample flowline 24 in this particular example.
The information presented in y(v), 7.(v), and 7(v) may facilitate determining the efficiency of focused
sampling operations.
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[0084] However, to calculate y%(v), %(v), and 7(v), the contamination values (75(v) and 75(v)) in
the sample flowline 24 and the guard flowline 26 may be determined. The contamination values may
be determined using the optical spectrometer data recorded in the sample flowline 24 and the guard
flowline 26 (e.g., via the sample optical spectrometer 28 and the guard optical spectrometer 30,
respectively). Based on the Beer-Lambert law, the contamination in the sample flowline 24 and the

guard flowline 26 is related to the optical density data as follows:

0D, —0Dg(v)

ns(v) = ODou=0Dyu EQ. 13
ODOil—ODg(v)

ng(v) =—7"— EQ. 14

O0Dyi1—0Dfj;

where ODs(v) and ODy(v) is the optical density data at a particular wavelength (e.g. a channel) in the
sample flowline 24 and the guard flowline 26, respectively, and OD,;; and ODy; are the two unknown
end points for native formation fluid and drilling mud filtrate, respectively, at the same wavelength.
Therefore, the rate of contamination change (e.g., %(v) and j,(v)) are related to the derivative of OD

measurements as follows:

1 80D, (v)

() = oo EQ. 15
_ -1 90Dg4(v)
yg(v) - ODoil_ODfil av EQ 16

EQ. 15 and 16 state that the rates of contamination change in the sample flowline 24 and the guard

flowline 26 are related to the derivatives of OD measurements in the respective flowline 24, 26 and
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scaled by an unknown constant (e.g., -1/0D.i-ODy; ). Since EQ. 15 and 16 have the same scaling

constant, the ratio of two rates in EQ. 12 is equal to the ratio of two OD derivatives, or the following:

20Ds(v)

_ VS(U) _ av
(v) = —yg(v) = —602’5(") EQ. 17

[0085] For example, downhole spectrometer data in the sample flowline 24 and the guard
flowline 26 may be generated based on the contamination profiles shown in FIG. 22. A set of
laboratory-recorded live oil and OBM filtrate spectral data may be used to represent the two end-
point measurements. Furthermore, random noise is added to the simulated data. For example, FIG.
24 shows simulated 20-channel spectrometer data in the sample flowline 24 in plot 310 and simulated
20-channel spectrometer data in the guard flowline 26 in plot 312. Using the method in FIG. 21 for
estimating contamination level in focused sampling systems to filter, validate, and merge/fuse the
optical channel data, clean optical density data (corresponding to the wavelength of 1070 nm) in the

sample flowline 24 and the guard flowline 26 may be obtained, as shown in plot 320 of FIG. 25.

[0086] Based on the optical density data shown in FIG. 25, the OD derivatives in the sample
flowline 24 and the guard flowline 26 may be determined, as shown in plot 330 of FIG. 26. Further,
the ratio of the two OD derivatives may be determined, as shown in plot 332 of FIG. 26. With the
exception of the scaling constant, the OD derivatives maintain the same shape as the rates of
contamination change in the plot 300 of FIG. 23. The ratio of OD derivatives is also identical to the

ratio of rates of contamination change (e.g., 7(v)) shown in the plot 302 of FIG. 23. Therefore, the

ratio of the two OD derivatives can be used as 7(v) to determine the efficiency of focused sampling.

[0087] FIG. 27 is an example of a plot 340 that demonstrates the consistent dynamic behavior as

predicted in the ECLIPSE simulated data. The data may be acquired using the MDT Quicksilver
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sampling probe. The splitting of sample flow and guard flow is observed from the beginning without
a commingled flow period. Located on the sample flowline 24 is a 20-channel IFAX
filterspectrometer (e.g., the sample optical spectrometer 28), whereas located on the guard flowline
is a 10-channel AFA filterspectrometer (e.g., the guard optical spectrometer 30). The common
wavelength channel of 1070 nm in AFA and IFAX is identified and displayed in FIG. 27. The
breakthrough of native formation fluid occurs roughly at about 10 L of pumped volume indicated by
arrow 342. After the breakthrough, the OD in the sample flowline 24 quickly builds up, whereas the
OD in the guard flowline 26 only gradually increases. The OD in the sample flowline 24
approximately reaches a plateau at about 30 L of pumped volume, but the OD in the guard flowline

26 continuously increases beyond 30 L of pumped volume.

[0088] Based on the data in FIG. 27, the computed OD derivatives in the sample flowline 24 and
the guard flowline 26 are shown in plot 350 of FIG. 28. The derivatives are computed using noisy
raw data from FIG. 27 without applying the filtering, validating, and merging processing shown in
the method of FIG. 21. The computed ratio of the two OD derivatives is shown in plot 352 of FIG.
28. The rate change 7(v) is large shortly after breakthrough at about 10 L of pumped volume. The
ratio drops quickly and reaches the break point 7v) = 1 (e.g., shown by arrow 354) at about 21 L of
pumped volume. These observations are consistent with the dynamic behavior predicted by the
ECLIPSE simulation. Two different spectrometers (e.g. AFA and IFA) may include some offset, and
hence, may show different responses in the OD of the sample flowline 24 and the guard flowline 26.
This may change the computed derivatives and the computed value of 7(v), which may ultimately
alter the location of the break point (e.g., as shown at arrow 354). The next generation optical fluid
analyzer, such as FISO, measures the OD in both flow lines with the same spectrometer and avoids

the variation in spectrometer responses. As such, in some examples, the sample flowline 24 and the
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guard flowline 26 may be monitored using a single optical spectrometer (e.g., either the sample

optical spectrometer 28 or the guard optical spectrometer 28).

[0089] For formation water sampling in water based mud (WBM), the contamination in the guard
flowline 26 and the contamination in the sample flowline 24 follow the linear mixing rule, such as
the Beer Lambert law, which is expressed in EQ. 18 and 19. In EQ. 18 and 19, Cyuer denotes the
conductivity of pure formation water, Cwau frrate 1S the conductivity of the water base mud filtrate,
and Cs/4(v) is the measured conductivity as a function of pumped volume in the sample flowline 24

and the guard flowline 26, respectively.

Ns ('U) — Cwater—Cs(v) EQ 18

Cwater—Cwsm filtrate

Cwater—Cyqg ) EQ 19

Cwater—Cwam filtrate

Mg (v) =

Analogous to EQs. 13 and 14, the rate of contamination change, ys(v) and y4(v), in the sample

flowline 24 and the guard flowline 26 may be determined as follows:

-1 acs(v)
_ EQ. 20
¥s ('U) Cwater—CwBM filtrate 0V Q
a
Ye(v) = ! Cg@) EQ 21

Cwater—CwaM filtrate OV

The ratio of contamination change between the guard flowline 26 and the sample flowline 24 may

be written as a function of flowline conductivity, as shown in EQ. 22:
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[0090] The methods disclosed herein may be performed using discrete sensors (e.g., two
calibrated conductivity cells). However, sensor offset, different dynamic responses, or variations in
responses may result in inaccurate estimations of the contamination. Since the method disclosed
herein uses the derivative of measurements, the sensor offset may be mitigated. However, different
dynamic responses and/or variations in responses of two discrete sensors may artificially move the
location of the break point and, hence, introduce inaccuracies in the estimation of the absolute
contamination. Applying a carefully-designed calibration procedure may be a way to mitigate the
effects of different dynamic responses and/or variations in responses of two discrete sensors. In any
case, applying the disclosed method to discrete sensors may facilitate predicting the cleanup of

focused water sample acquisition in a well drilled with water based mud.

[0091] Finally, the dynamic behavior of fluid contamination in the sample flowline 24 and the
guard flowline 26 using a focused single packer (SP) may also be evaluated, as shown in plot 360 of
FIG. 29. The results shown in the plot 360 are obtained from an ECLIPSE simulation model of
focused SP with the same fluid and formation parameters as set forth above. Note that the cleanup in
the sample flowline 24 is faster than in the guard flowline 26, but the difference is not as dramatic as

shown in the Quicksilver case illustrated in FIG. 22.

[0092] The rates of contamination change (e.g., %(v) and j;(v)) in the sample flowline 24 and the
guard flowline 26 are shown in plot 370 of FIG. 30. Additionally, the ratio (e.g., 7(v)) of the two
rates of contamination change is shown in plot 372 of FIG. 30. In the illustrated example of FIG. 30,

the effect of focused sampling is still observable after the breakthrough of the native formation fluid
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at about 5 L of pumped volume, but the rate of contamination change in the sample flowline 24 is
not much larger than the rate of contamination change in the guard flowline 26. The break point is
shown in plot 372 as occurring at about 19 L of pumped volume, where the contamination level in
the sample flowline 24 is approximately 5 percent, similar to the QS case. The focused 3D radial
probe possess a large inlet flow area and allows a faster and a large quantity of fluid pumping with
small drawdown. Therefore, the focused 3D radial probe enables more efficient sampling in a low-

mobility formation.

[0093] An important task for implementing the method disclosed herein is the computation of
the OD derivative with respective to the pumped volume. A straightforward numerical differentiation
is known to be unstable and sensitive to noise. Therefore, an improved procedure is disclosed herein.
In the first step, the OD-vs-volume data is approximated locally around vy using the following

second-order polynomial model:

ODW) =a+b(v v)+c(v )% v Mep<y,+2 EQ. 23
2 2

where OD(v) is the OD-vs-volume response, vo and v, are the center and size of a local volume
window. Specifically, the local window slides through the OD-vs-volume data and at each location
(specified by vo) the data within the local window are fitted with the model in EQ. 23. Once the fitting

is done, “a” represents the filtered/smoothed data at vo, whereas “b” and “c” are related to the first

and second derivative of the optical signal response at vy, respectively, e.g.,

OD(vg) = a EQ. 24
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dobD

_— =b EQ. 25
dv v=v, Q
d?0oD

e = 2c EQ. 26

V=V

The fitting may be done with the least-squares criterion, as shown in EQ. 27 below.

. = W 2
ming p.¢ Zz=zgtzW§2(M(v) 0D(v))? EQ. 27
In EQ. 27, M(v) is the measured optical signal versus volume data. Since the least-squares criterion
is not effective in removing the spiky noise or outliers in the data, a robust scheme based on the least-
absolute error criterion (e.g., Li-norm) is disclosed. For example, EQ. 28 shows the least-absolute

error criterion.

Ming e Tyovoin /sl M()  0D()] EQ. 28

The fitting with the Li-norm in EQ. 28 may be accomplished (e.g., the parameters a, b and c are

solved) using an iterative re-weighted least-squares (IRWLS) algorithm.

[0094] As noted above, the computed ratio 7(v) can be used to determine the efficiency of focused
sampling operation. This value may be large after the initial breakthrough and subsequently drops
with continuous pumping until reaching the breakpoint characterized by z(v) = 1. Dropping below 1
means that continuous pumping may reduce the contamination level in the guard flowline 26 faster
than reducing the contamination level in the sample flowline 24. Normally, this may also suggest

that the contamination level in the sample flowline 24 is low (e.g. a few percent) at the break point.
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[0095] The computed ratio 7(v) can be used as an indicator for real-time monitoring and control
of the pumps 12, 14. Initially, the value of the computed ratio 7(v) hovers around 1 or below 1 after
the breakthrough, indicating a poor performance of focused sampling operation. The flowrates of the
sample flowline pump 12 and the guard flowline pump 14 may be adjusted to improve the efficiency
of focused sampling. Whether the manipulation of flowrates would achieve improved efficiency can
be visualized and realized by the display of indicator 7v) in real-time. For example, FIG. 31
illustrates usage of the indicator 7(v) for the closed-loop control of improved efficiency of a focused
sampling operation. As shown in the illustrated example of FIG. 31, a flow rate controller 380 is
utilized to control the pumps 12, 14 based on the indicator 7z(v). For instance, first spectrometer data
382 from the sample optical spectrometer 28, second spectrometer data 384 from the guard optical
spectrometer 30, and pumped volume data 386 (e.g., from the pumps 12, 14) are utilized to calculate
the indicator 7(v), as shown at block 288. In some examples, the indicator 7(v) is calculated as a
function of the pumped volume data 386 to form a plot 390. Based on the calculated indicator 7(v)
and/or the plot 390, the flow rate controller 380 may adjust a speed of the pumps 12, 14. After the
pump control kicks in, the value of 7(v) increases and ultimately exceeds a value of 1. This may
suggest the improved efficiency of the focused sampling operation with the manipulating the pump

flow rates.

[0096] Another application of 7(v) is the estimation of contamination level in the sample flowline
24. Four parameters may affect the dynamic behavior of a focused sampling operation. These
parameters include permeability (e.g., kn) and its anisotropy (i.e. kv/kn), the viscosity contrast between
the filtrate and the formation fluid, and the depth of invasion (DOI) of the mud filtrate. The effect of
these parameters on the computed 7(v) for the case of Quicksilver sampling probe are described

below.
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[0097] As noted in the example of FIG. 22, the absolute permeability kn, may be changed, while
the remaining parameters remain fixed. FIG. 32 illustrates a plot 400 of 7(v) versus pumped time (in
hours) at different absolute permeabilities, ki, and a plot 402 of 7fv) versus the contamination level
in the sample flowline 24 at different absolute permeabilities, kn. The plots 400, 402 show the results
of ECLIPSE simulations for ko, = 0.1 md, 1 md, 10 md, and 100 md. As illustrated in FIG. 32, the
absolute permeability of a formation may affect the breakthrough time: the higher the permeability,
the faster the breakthrough time. Furthermore, it may take longer to reach the same level of
contamination (or the same level of 7(v)) for low permeability formations. However, the plot 402
shows an invariant behavior in 7fv) versus the contamination in the sample flowline 24. That is, the
computed 7(v) may be used to estimate the contamination level in the sample flowline 24 regardless
of absolute permeability. For example, the contamination level in the sample flowline 24 is between

approximately 5-6 percent at the break point (i.e. 7v) =1).

[0098] The permeability anisotropy (e.g., kv/kn), however, affects the results differently from
absolute permeability. For example, FIG. 33 illustrates a plot 410 of 7v) versus pumped time (in
hours) at different permeability anisotropies, kv/ky, and a plot 412 of 7v) versus the contamination
level in the sample flowline 24 at different permeability anisotropies, ky/kn. In the example illustrated
in FIG. 33, ky/kn is changed (e.g., 0.01, 0.1, 1 and 10), while the remaining parameters in the
ECLIPSE simulations are maintained at fixed values. With, ky/kn < 1, the curves of 7(v) versus
contamination in the sample flowline in the plot 412 are closely bundled together with similar
behavior. For example, the contamination level is between approximately 5-6 percent at the
breakpoint (e.g., 7v)=1). For ky/kn =10, however, the curve deviates from the bundle, showing an
increasing uncertainty for estimating the contamination using 7(v). However, the funnel shape (i.e.

dotted lines) of all curves converges at low contamination, implying reduced uncertainty of the
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estimate of contamination at high permeability anisotropies if the desirable contamination level for

collecting sampled fluid is as low as a few percent.

[0099] A viscosity contrast between filtrate and the formation fluid also affects the estimate of
contamination using 7(v), as shown in FIG. 34. This may occur for heavy oil or gas sampling where
the viscosity contrast is expected to be large. In the ECLIPSE simulations, the filtrate viscosity is
fixed at 1 cp, while the formation fluid viscosity is changed from 0.1 cp (gas), 1 cp, 10 ¢cp, and 100
cp (heavy oil) with other parameters in the ECLIPSE simulations maintained at fixed values. FIG.
34 illustrates the results of computed 7(v) versus pumped time (in hours) for various viscosity
contrasts in plot 420. Additionally, FIG. 34 illustrates the results of computed 7(v) versus
contamination in the sample flow line 24 for various viscosity contrasts in plot 422. For gas sampling
with low viscosity contrast (e.g. 1/14=0.1), the cleanup occurs relatively quickly. However, a lower
value of 7(v) may be needed to identify low contamination. In other cases, including the heavy oil
case, the break point is a good indicator of contamination lower than 10 percent. The funnel-shape
for each of the curves occurs at relatively low contamination (e.g., a few percent), which indicates a

reduction in uncertainty of the estimation of contamination using the disclosed method.

[00100] Depth of invasion (DOI) may also affect the estimation of contamination using 7(v). For
instance, FIG. 35 illustrates a plot 430 of computed 7(v) versus pumped time (in hours) for different
DOT’s and a plot 432 of computed 7v) versus contamination for different DOI’s. As shown in the
illustrated example of FIG. 35, the deeper DOI’s takes a relatively long time to break through and a
relatively long time to cleanup, similar to the effects of low absolute permeability. However, the
computed 7(v) versus the contamination in the sample flowline 24 do not merge together as in the
case of absolute permeability. Nevertheless, the funnel-shape convergence at low contamination is

still observed, meaning a large reduction of uncertainty as discussed above.
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[00101] FIG. 36 is a plot 440 of the computed 7(v) versus the estimated contamination in the
sample flowline 24 for the GOM focused sampling data shown in FIGS. 27 and 28. In this example,
a live fluid sample was taken at the end of pumping. The PVT analysis of the sample shows the
contamination level of 3.7 percent, which may be used to back-calculate the OD value of formation
fluid end point. The end point value and the acquired OD measurements in FIG. 27 are then used to
estimate the contamination over the entire station interval. A similar dynamic response as predicted
by the ECLIPSE simulations in FIGS. 32-35 is observed: a large 7(v) initially at high contamination,
followed by a decreasing trend with continuous pumping and a funnel-shape behavior at very low

contamination.

[00102] In summary, the proposed indicator to estimate the contamination level in the sample
flowline eliminates the pitfalls of fitting power law models for extrapolation in order to obtain the
end points. Another added benefit of the present disclosure is that the uncertainty of a contamination
estimate is substantively reduced if the desirable contamination level for collecting sampled fluid is

as low as a few percent.

[00103] The foregoing outlines features of several example so that those skilled in the art may
better understand the aspects of the present disclosure. Those skilled in the art should appreciate that
they may readily use the present disclosure as a basis for designing or modifying other processes and
structures for carrying out the same purposes and/or achieving the same advantages of the example
introduced herein. Those skilled in the art should also realize that such equivalent constructions do
not depart from the spirit and scope of the present disclosure, and that they may make various
changes, substitutions and alterations herein without departing from the spirit and scope of the present

disclosure.
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CLAIMS

What is claimed is:

1. A method comprising:

receiving first fluid property data from a sample flowline of a focused sampling system;

receiving second fluid property data from a guard flowline of the focused sampling system,
wherein the sample flowline and the guard flowline are each configured to sample formation fluid
from a hydrocarbon reservoir, wherein the formation fluid comprises native formation fluid and a
contaminant, wherein the first fluid property data comprises an optical density of the of the native
formation fluid and the second fluid property data comprises an optical density of the contaminant;

combining optical density data from the sample flowline and the guard flowline;

determining a derivative of the combined optical density data over a respective pumped
volume of formation fluid through the sample flowline and the guard flowline;

performing a linear analysis based on the combined optical density data and the derivative of
the combined optical density to determine an intercept; and

estimating a contamination profile of the formation fluid based on the intercept and the

combined optical density data.

2. The method of claim 1, wherein the first fluid data from the sample flowline comprises a
plurality of first fluid data points measured at a plurality of wavelengths of the focused sampling
system, and wherein the second fluid data from the guard flowline comprises a plurality of second

fluid data points measured at the plurality of wavelengths of the focused sampling system.
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3. The method of claim 2, wherein performing the linear analysis based on the combined optical
density data and the derivative of the combined optical density data to determine the intercept
comprises iteratively performing the linear analysis based on the combined optical density data and
the derivative of the combined optical density data at each wavelength of the plurality of wavelengths

of the focused sampling system to determine a plurality of intercepts.

4. The method of claim 3, wherein performing the linear analysis based on the combined optical
density data and the derivative of the combined optical density data at each wavelength of the
plurality of wavelengths of the focused sampling system to determine the plurality of intercepts

comprises using a RANSAC algorithm.

5. The method of claim 4, comprising filtering and validating the plurality of intercepts using

indexes from the RANSAC algorithm.

6. The method of claim 5, comprising combining the plurality of intercepts using a median stack.

7. The method of claim 1, wherein the focused sampling system comprises a 3-dimensional (3D)

radial probe.

8. The method of claim 1, wherein performing the linear analysis based on the combined optical

density data and the derivative of the combined optical density to determine the intercept is performed

using the Beer-Lambert law.
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9. The method of claim 1, wherein performing the linear analysis based on the combined optical
density data and the derivative of the combined optical density to determine the intercept comprises
performing the linear analysis after a target amount of pumped volume has passed through the sample

flowline, the guard flowline or both.

10. The method of claim 9, wherein the target amount of pumped volume is between 0.5 liters
(L)and 30 L.
11. A focused sampling system, comprising:

a sample flowline configured to draw a native formation fluid from a hydrocarbon reservoir;

a guard flowline configured to draw a contaminant fluid from the hydrocarbon reservoir;

a sample sensor configured to generate first feedback indicative of a first optical density of
the native formation fluid;

a guard sensor configured to generate second feedback indicative of a second optical density
of the contaminant fluid; and

a controller communicatively coupled to the sample sensor and the guard sensor, wherein the
controller is configured to receive the first feedback and the second feedback, to combine the first
optical density of the native formation fluid and the second optical density of the contaminant fluid
to generate combined optical density data, to determine a derivative of the combined optical density
data as a function of pumped volume of the native formation fluid and the contaminant fluid, to
perform linear analysis on the combined optical density data and the derivative of the combined
optical density data to determine an intercept, and to estimate a contamination profile based on the

intercept and the combined optical density data.
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12. The focused sampling system of claim 11, wherein the sample flowline and the guard flowline
are fluidly coupled to a 3-dimensional radial probe configured to contact a sampling zone of the

hydrocarbon formation.

13.  The focused sampling system of claim 12, wherein the 3-dimensional radial probe comprises
a focused OPO-7a packer, a focused Quick-silver (QS) probe, a focused OPF-7a packer, a focused

Elliptical Quick-silver (E-QS) probe, or any combination thereof.

14. The focused sampling system of claim 11, comprising a sample pump configured to draw the
native formation fluid from the hydrocarbon formation toward the sample flowline and a guard pump

configured to draw the contaminant fluid from the hydrocarbon formation toward the guard flowline.

15.  The focused sampling system of claim 11, wherein the sample sensor comprises a first optical

spectrometer and the guard sensor comprises a second optical spectrometer.

16. The focused sampling system of claim 11, comprising a sample bottle configured to collect
the native formation fluid from the sample flowline, wherein the controller is configured to direct the
native formation fluid to the sample bottle based on the contamination profile estimated by the

controller.

17. A method, comprising:
receiving first fluid property data from a sample flowline of a focused sampling system,
wherein the first fluid property data from the sample flowline comprises a plurality of first data points

indicative of a first optical density of a native formation fluid as a function of pumped volume of the
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native formation fluid through the sample flowline;

receiving second fluid property data from a guard flowline of the focused sampling system,
wherein the second fluid property data from the guard flowline comprises a plurality of second data
points indicative of a second optical density of a contaminant fluid as a function of pumped volume
of the contaminant fluid through the guard flowline;

combining the plurality of first data points and the plurality of second data points to generate
combined data;

calculating a derivative of the combined data over the pumped volume of the native formation
fluid through the sample flowline, the pumped volume of the contaminant fluid through the guard
line, or both;

performing linear analysis based on the combined data and the derivative of the combined
data to determine an intercept;

receiving a measured optical density of the contaminant fluid; and

estimating a contamination profile of the native formation fluid based on the intercept and the

measured optical density of the contaminant fluid.

18. The method of claim 17, wherein the plurality of first data points indicative of the first optical
density of the native formation fluid as the function of pumped volume of the native formation fluid
through the sample flowline comprises the first optical density of the native formation fluid as the
function of pumped volume of the native formation fluid through the sample flowline at a plurality
of wavelengths of the focused sampling system, and wherein the plurality of second data points
indicative of the second optical density of the contaminant fluid as the function of pumped volume
of the contaminant fluid through the guard flowline comprises the second optical density of the

contaminant fluid as the function of pumped volume of the contaminant fluid through the guard
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flowline at the plurality of wavelengths of the focused sampling system.

19. The method of claim 18, comprising receiving a plurality of reference data points indicative
of a third optical density of the native formation fluid as the function of pumped volume of the
formation fluid through the sample flowline at a reference wavelength of the focused sampling

system.

20. The method of claim 19, comprising validating and filtering the plurality of first data points,
the plurality of second data points, or both based on the third plurality of reference data points before
combining the plurality of first data points and the plurality of second data points to generate the

combined data.
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